The abundant carbohydrate fructose is converted into two biofuel molecules, namely 2,5-dimethylfuran (DMF) and ethyl levulinate (EL) in a simple cascade flow reactor. With an overall yield of 85% (38.5% of 2,5-dimethylfuran and 47% of ethyl levulinate), the main remainder is unconverted fructose. The two column flow reactor set-up enables the adjustment of temperatures and reaction times in such a way that the reactive intermediate hydroxymethylfurfural (5-HMF) is generated in optimal yields and converted into the stable DMF immediately. The process is so simple and fast (<20 min) that economic and sustainable production of these fuels and platform chemicals can be envisioned. A remaining minor char formation is regarded to be the major problem which has to be addressed by catalyst development.
Introduction
Biofuels of the first and the second generation are well placed in society, but the controversial discussion on their impact has already reached public media. Their ecobalances are simply not very favourable, and even basic energy balances throughout their generation are worse than those commonly known. Using for instance cassava as a non-food industrial plant and as an example for modern bioethanol fermentation, 1 the overall efficiency is only around 40%, i.e. only a minority of the energy in sugar is ending up in bioethanol. The rather slow and dilute fermentation and the slow and inefficient separation of water and ethanol as cost drivers are not even considered here. The reasons for this inefficiency are essentially elemental rules of thermodynamics and reaction engineering. Bioethanol in addition is a "disappointing" fuel: its volumetric energy density is just 2/3 of the one of gasoline, i.e. both the driving range of a given car and fuel consumption are negatively perceived. All these problems are to be addressed by more meaningful biofuels of a new generation: first they should optimally be based on lignocellulosic biomass, if not even agro-industrial side products (such as corn stover 2 or bagasse 3 ), as well as on space time efficient wet-chemical continuous processes. Additionally, ideal candidates should rely, by design, only on simple purification processes, must be nontoxic and non-groundwater endangering, and should have high energy densities and good combustion behaviour. Indeed, in the meantime, some of these potential candidates are analysed in detail, and to our opinion, γ-valerolactone, ethyl levulinate and especially 2,5-dimethylfuran stand out. However, until today, no efficient and simple continuous flow system has been presented. The here discussed 2,5-dimethylfuran (DMF) is made in a two-step process. First, the production of 5-hydroxymethylfurfural (5-HMF) by the dehydration of fructose is highlighted, followed by its reduction with an active hydrogenation catalyst to DMF. It is the inherent advantage of reaction thermodynamics that the energy efficiency of these two steps in theory is close to 100%; both reactions are therefore energetically neutral. The product is in addition not water miscible, was already favourably tested in combustion engines, and has a volumetric energy density of 30.0 MJ L −1 , very close to gasoline (32.2 MJ L −1 ), whereas ethanol only exhibits 21.3 MJ L −1 .
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In addition, DMF is a potential entry scheme for fine chemical refining as it can be easily turned into p-xylene, a product significantly more valued than combustion fuels, with a demand of currently 40 Mt per annum. 5 The single step from lignocellulosic biomass to DMF and potentially p-xylene, as well as γ-valerolactone is summarized in Scheme 1. It is important to remember that the saccharification of wood is a pre-WWII technology, with a known cost structure. 6 These processes are currently challenged by more modern techniques, such as mechano-chemistry, where cellulose is molecularly depolymerized in a solid state reaction. 7 In spite of the potential simplicity of the process, its application is currently just in the development stage. 8 In the present contribution, it is intended to analyse how flow chemistry in green solvents (ethanol) with overall reaction times in the minute scale can contribute to a more economic and more side-product-poor production of DMF. A key step is the development of a heterogeneous catalyst system based on common, sustainable transition metal elements which withstand the conditions of hydrothermal or solvothermal processes on a longer run. 9 This problem is usually underestimated by experts on gas-phase heterogeneous catalysis as superhot aqueous solvents dissolve most standard choices from most oxidic supports over polymer resins to many metals. It is underlined that the choice of most of the chemicals and catalysts is restricted by our decision that they can only be obtained from green or at least sustainable sources, e.g. cheap and abundant nickel is preferred over the more active but rare palladium. This study therefore aims to depict an easy but also sustainable method in terms of choosing the right catalysts and solvents as well as materials, combinations and conditions to result in a profitable process of production.
Results and discussion

Reaction mechanism
During the conversion of fructose, different intermediates and molecules on the way to DMF and EL were observed. The qualitative results and therefore the reaction mechanism will be discussed first and are illustrated in Scheme 1. This overview drafts the full cascade from the raw biomass to possible products, whereas the reactions in our two catalyst columns are highlighted. The release of three water molecules from fructose (or other hexoses) to form 5-HMF under acidic conditions is a rather simple process, slightly exothermic, but also entropically driven. 10 Under acidic conditions, 5-HMF is an unstable intermediate and undergoes a variety of follow-up reactions, including charring and resin formation. 11 This is why flow chemistry and the control of residence time are of absolute importance for a successful reaction design based on 5-HMF.
At the short times under consideration, 5-HMF can be hydrated and it splits to levulinic acid and formic acid in good yields, depending on the reaction conditions. In ethanol, which is used as a renewable solvent, levulinic acid is esterified to ethyl levulinate. The ethyl levulinate will turn out to be the main side product next to 5-HMF. Further possible 5-HMF derivatives (like 5-ethoxymethylfurfural) 12 or esters with the involved acid are also likely to form. 13 Since the mechanism of dehydration of fructose is well understood, Assary et al. (2012) 10 published a helpful paper explaining the mechanism on a thermodynamic level. The whole process starts with the pyranose form of fructose, which is first protonated and releases a water molecule. The left positive charge can be shifted within the molecule. The acidic catalyst protonates the molecule further and another water molecule can be released, whereas the following deprotonation enables the formation of a double bond within the ring system. The third alcohol moiety is as well eliminated by dehydration and the aromatic character of the furan ring is formed by the last deprotonation. Furthermore, the hydrodeoxygenation and therefore the removal of the next two oxygen atoms within the molecule was described by Saha et al.
14 in a review. Since HMF possesses an aldehyde as well as an alcohol group, the first step suggested is the hydration of the aldehyde to a further alcohol group resulting in 2,5 bis(hydroxymethyl)furan. Elemental hydrogen dissociates on nickel and hence offers this proton for the reaction. This intermediate can be hydrogenated and a water molecule is released into the solvent. After repeating this step with the other alcohol moiety left in the molecule, DMF is the result. The aromatic ring structure is not further hydrogenated and the biofuel is left in solution. There are also other reaction mechanisms to consider, for instance, dehydration of the alcohol before hydrating the aldehyde or forming an ether with the present formic acid. In our system, the formation of two condensates was observed. HMF underwent etherification with ethanol, as well as with formic acid. Nevertheless, the hydrodeoxygenation was successful. The exact mechanism needs to be investigated in future research studies. The 5-HMF products are not isolated, but an in-flow, second step hydrogenation, using elemental hydrogen is pursued. The hydrogenolysis results in 2,5-dimethylfuran. 15 The specific relative energy content of DMF is beyond the elimination of water and increased as compared to 5-HMF, with the energy coming from the added hydrogen. Also here, the reaction is partly driven by the entropic release of water. In spite of a potential biorefinery scheme, all possible side products also undergo hydrogenation and therefore do not have to be separated.
Ethyl levulinate for instance can be reduced to γ-valerolactone over RANEY® Nickel (already shown with a commercial catalyst by our group), 16 another high value chemical and/or fuel molecule. Isolation or co-isolation in this case only depends on the hydrogenation conditions being selective or non-selective. As such, DMF can be easily isolated and stored, and is stable, useful as a fuel molecule, and also a valuable platform molecule. Future processes can expand the product spectrum by simply adding a further step, e.g. a DielsAlder-reaction with ethylene in a flow reactor, to upgrade 2,5-DMF to p-xylene. 5 This step would also remove the last oxygen present in the molecule to generate a pure hydrocarbon, usually synthesized from fossil resources and highly valued because it is the source of terephthalic acid, and for example useful in polymerization reactions.
Dehydration of fructose using Amberlyst 15
In a first set of experiments, the conditions of hexose dehydration were optimized (Scheme 1a). For that, we used 2.4 g of Amberlyst 15 at its maximum usage temperature (110°C) under atmospheric pressure and varied the flow rates with an external piston pump accordingly to adjust different residence times (4 to 40 min) in a 250 mm × 4.6 mm packed column. The relationship of fructose used and the mass of Amberlyst 15 catalyst is 5.2 × 10 −6 mol fru per g cat per minute at 0.25 mL min −1 flow rate. Amberlyst 15 was chosen according to the already known excellent activity for dehydration reactions as well as to select a heterogeneous catalyst. All residence times were calculated using the reactor volume and flow rates. Since the first step of the fructose conversion takes place under acidic conditions, the dehydration results in 5-HMF, which can further hydrolyse to levulinic acid. The resulting HMF product molecules are in any case simultaneously esterified with ethanol or even formic acid. Under the given conditions, mainly the ethyl-derivative is formed, as proven by analysing the pure reference sample in comparison with the main peak in the GC-MS chromatogram. The product to reaction time curve is shown in Fig. 1 . A trend of increasing product concentration with a lower flow rate and therefore higher residence time is clearly seen. Until a residence time of about 6 minutes, the increase of HMF derivative concentration is nearly linear, but then flattens with a further increase of time. 5-HMF is only an intermediate in a cascade of possible conversions, and the saturation of the 5-HMF level reflects its further conversion to levulinic acid. This hydrolysis occurs with water generated from the dehydration of fructose. With ethanol as a solvent, levulinic acid is in situ esterified under the given conditions to ethyl levulinate. Indeed, the yield of the ethyl levulinate rises linearly (7% to 52%) with decreasing flow rate and therefore a longer contact time with the catalyst. Under the given conditions, it is not further converted and represents the main follow-up product from 5-HMF. The selectivity and productivity at this level can only be controlled by the contact time: at shorter times, we have a high selectivity for 5-HMF, but lower conversions, while at higher reaction times, the overall conversion of fructose to these two products increases to about 89% (41.5 min residence time). Interestingly, no 5-HMF condensation products preceding char formation are found, underlining the big advantage of a flow system when compared to a batch reactor. All observations underline the importance of the reaction regime in a flow system and open up new possibilities for the adjustment of products.
Hydrodeoxygenation using 10 wt% Ni@WC
The second step in the flow reactor cascade is a hydrogenation reaction over a nickel-tungsten-carbide-based catalyst (Ni@WC) (Scheme 1b). As compounds derived from biomass always contain a high amount of oxygen, the heating value of these molecules is decreased. By a hydrodeoxygenation step, the combustion properties can be increased, using hydrogen as a reactant. Removing two further oxygen atoms from 5-HMF additionally lowers the boiling point of the substance and improves the research octane number to 119. Pure tungsten carbide shows restricted hydrogenation reactivity under the applied mild conditions, as recently shown by our group, 17 but therefore shows an electron transfer to activate a deposited catalyst via metal-metal heterojunction effects. This allows the use of relatively cheap and abundant nickel for more effective hydrogenation, while the electron flow from the nickel to the WC makes the nanoparticles unusually stable against harsh conditions and solvents. 18 Pure commercial RANEY® Nickel is not only water sensitive, but shows a too high hydrogenation activity and is known to be non-selective for DMF production. The combination of 10 wt% nickel nanoparticles and tungsten carbide however gives extraordinary selectivity to DMF with complete conversion and yield at 150°C, 30 bar and 0.5 mL min −1 flow rate, using 1.68 g catalyst packed into a 70 mm column placed into the H-CUBE Pro hydrogenation reactor (ESI-S2 †). The relationship between fructose and the mass of the Ni@WC catalyst is 1.4 × 10 −5 mol fru per g cat per minute.
Additionally, it could have also been shown that the hydrodeoxygenation was not only possible with pure 5-HMF, but also with the ester formed. Under the same conditions, 5-ethoxymethylfurfural was converted to DMF. The contact time in the applied small column is about 3 minutes and hence unusually small compared to other chemical processes, which usually take hours to complete the reaction. The reactivity was tested as well with the main side product, ethyl levulinate. A 0.05 M solution in ethanol was run under the same conditions as optimized before (1.68 g Ni@WC, 150°C, 30 bar, 0.5 mL min −1 ). By using pure tungsten carbide as well as Ni@WC as the catalyst, the solution was not hydrogenated and no products were obtained. By using RANEY® Nickel on the other hand, full conversion to γ-valerolactone and traces of 2,5-dimethyltetrahydrofuran were found (ESI-S3 †). The combination of Ni@WC with the rather electron poor nickel did not convert the ethyl levulinate, and this molecule was therefore left as such in the final reaction mixture.
Combination of dehydration and hydrodeoxygenation in one continuous flow system
As both catalysts (Amberlyst 15 and Ni@WC) are working independent of each other but can set-up a reaction cascade, the two packed columns were combined to one continuous flow process (Scheme 1(a) and (b)). The conditions were kept similar to the ones in the single step experiments, using 2.4 g of Amberlyst 15 at 110°C, 30 bar and 0.25 mL min −1 in a 250 mm column with a residence time of about 16.6 min. The reaction temperature using the packed cartridge (Ni@WC, 1.68 g) was 150°C. The lowest flow rate possible for the hydrogenation reactor (H CUBE Pro) is about 0.25 mL min −1 , since flow restrictions of the pump and operation recommendation of the system need to guarantee a good hydrogen saturation within the liquid feed and over the Ni@WC catalyst. Since both reactions are performed in separate columns, the temperature can be adjusted individually. The flow and the pressure are provided by using one piston pump and are therefore the same in both columns. The hydrogen is produced in situ by water electrolysis and fed in after the dehydration step. This set-up is drafted in Scheme 2. By applying the mentioned conditions, DMF and ethyl levulinate were obtained as the main products from a solution of fructose in ethanol (ESI-S4 †). The fructose solution was overall converted to give products in 85% of yield compared to the starting material, with the single yield of 38.5% of DMF and 47% of ethyl levulinate within a combined reaction time of about 20 min. Such a high conversion with such a low residence time in a continuous flow system was, to our knowledge, not observed before. A very interesting and similar cascade system using zeolite and copper based catalysts was introduced by Xiang et al. (2016) . 19 The temperature used for the dehydration of fructose is 140°C and therefore 30°C higher than our approach using 110°C. Also the second step using the copper based catalyst requires a temperature of 240°C, whereas we were just using 150°C, which basically saves the energy input. The water that is used as a co-solvent in the process also has two negative effects. Firstly, it helps HMF to undergo a consecutive hydration reaction forming EL. Secondly, water is always difficult to separate from the product mixture. In more simple words in regard to our research: turning a sugar solution within 20 minutes in a rather lowtech flow set-up into a mixture of fuel molecules is rather appealing and can be regarded as a process qualifying as a next generation thermochemical biofuel process. Recently, the engineering of the process has been tackled more and more, which shows how important the topic is today. Jeong et al. (2015) 20 introduced a very interesting idea by using a cascade reactor system on the basis of capillaries as well. These columns are functionalized and deposited with the catalysts and are needed to be held in place by magnets to not leach out. This can be a drawback, since with a scale up, this approach may be difficult to realize. To simply place the catalyst in between filters and flush the reactants through the bed is a well-known and easy technique to scale up, as long as the pressure drop over the bed stays small, which can be realized with bigger particles or pellets.
As the conversion of both the single run using Amberlyst 15 and Ni@WC as well as the combined run showed high conversion rates (up to 85%), the selectivity was nevertheless affected in our system. Assuming a full conversion of the HMF derivative to DMF or ethyl levulinate under the same conditions as applied in the single run, but with an increase to 30 bar pressure, especially in the Amberlyst 15 column, the yield of the ring product dropped from 53% to about 38%. This 15% loss of the furan ring product is speculated to be found pro rata in the ethyl levulinate as a consecutive reaction with a yield of 47% and hence an increase of about 30%. The additional 15% increase comes most likely from the increased pressure and therefore a more effective conversion in general, when pressure is applied. Since the diffusion rate towards the catalytic surface depends on the pressure difference in the system, a bigger discrepancy also results in a higher diffusion throughout the stagnant liquid layer around the catalyst and therefore the concentration of hydrogen on the surface.
Stability of the continuous and combined system
Since sufficient activity as well as selectivity are given, the stability is another important property for a possible application in industry. Over a continuous run of 7 hours (Fig. 2 / ESI-S6 †), the reactivity did not show a significant difference. The concentrations of DMF can be considered as constant over all this time and give a first hint towards the longevity and stable run, which is important for an industrial process. A slight decrease of the ethyl levulinate concentration without the increase of DMF possibly hints towards the formation of side products like humins and coke, which is judged by us as the major remaining problem for a potential scale up. Analysing the catalyst and checking for the differences in appearance, a strong color change from grey to black can indeed be observed for the Amberlyst 15. To check for the formation of humins, a blank test was run additionally using granular, non-catalytic silica in a 250 mm column under the standard conditions of the fructose dehydration. After several hours of the continuous run, the silica clearly showed the formation of a brown surface layer. Most likely this film consists of adsorbed and dehydrated fructose with the highly surface active reaction products clogging the particles together. This phenomenon is very likely to also happen using the Amberlyst 15 catalyst, whereas the surface is even more hydrophobic. Fig. 3C clearly shows a caking of the primary single µm particles. Interestingly, the baking process occurs at the entrance side of the column, indicating humin formation. The rest of the Amberlyst 15 particles are still free and accessible, which was also confirmed by titration before and after the reaction of 7 hours (ESI-S9 †). The titration showed a slight decrease of 11% acidic sites. The elemental analysis showed as well a slight increase of the carbon content (3 wt%), as well as a decrease of the sulfur content (ESI-T1 †), which underlines the formation of higher mass molecules and a little leaching of the sulfonic acid groups. The back pressure of the column (about 3 bars) still did not increase after all this time, which hints that the clogging is still far off. This agglomeration together with the "coating" is very likely to decrease the longevity of the solid acid catalyst when used beyond the applied 7 hours scale. To avoid these phenomena, further acid catalysts and especially supports with different wettabilities have to be explored.
Separation of products
Since DMF (bp: 95°C) and ethyl levulinate (bp: 205°C) are produced with a good conversion and yield and both are valuable products for further upgrade, a possible separation was explored. Hence both boiling points are separated by about 110°C and it is fairly easy to isolate the molecules by distillation. Additionally, the evaporation of DMF requires three times less energy compared to ethanol, even if the boiling point is 14°C higher than DMF. 21 These facts encouraged us to use a simple rotary evaporator, whereas all DMF is found in the distillate, due to its higher volatility, and pure ethyl levulinate stays in the bottom of the flask (ESI-S5 †). By using ethanol as a solvent, this separation step is easy to perform and outrivals water, which would be hard to remove. Both the products have a significant value higher than the raw material glucose.
Experimental
Catalyst selection and characterization
Since the upgrade of cellulosic biomass is a multistep process and comprises a bunch of consecutive reactions with partially unwanted side reactions, the catalysts for the two step continuous process need to be carefully selected and optimized. The hydrolysis of wood into carbohydrates and the related processes were already invented at the beginning of the twentieth century. Glucose/fructose isomerization, e.g. in acidic solution or by glucose-isomerase, is also commonplace and commercial. 22 For the first triple dehydration steps towards 5-HMF, the commercial Amberlyst 15 (ESI-S7A †) was selected, known as one of the strongest solid acid catalysts on the market. Here, sulfonic acid groups are bound to a macroreticular styrene-divinylbenzene support. We chose 300 µm diameter particles in the hydrogen form and packed them into a 250 mm empty HPLC column with a diameter of 4.6 mm (volume of 4.15 mL). As backpressure always plays a crucial role in continuous flow systems, powder-like catalysts often have this as the main disadvantage; however, due to the chosen particle size, backpressure effects were negligible in the present system. The packed column ( packed with 2.1 g catalyst, dead volume about 2.5 mL) was conditioned below 100°C with ethanol before used in the reaction. Because Amberlyst 15 has a maximum thermal stability of 120°C, the reaction was done at 110°C, while reaction time was varied with the flow rate. After the first flow step, the intermediate is not isolated, but the flow is further directed into a second smaller column. Here, the hydrodeoxygenation was performed using elemental hydrogen over a Ni@WC catalyst. This catalyst was synthesized using tungsten mono-carbide (WC) nanoparticles with particle sizes of 175 nm ± 25 nm as a hydrothermally stable support on which nickel nanoparticles were deposited by a wet impregnation method in the hydrogen oven. WC is a metallic ceramic in which the catalytic nanoparticles are stabilized by electron transfer-heterojunction effects and are stable under hydrothermal conditions as such. 23 The tungsten carbide (2 g) was dispersed in ethanol (20 ml) together with nickel(II) chloride (0.43 g). After intense stirring and removal of ethanol in a rotary evaporator, the dry powder was placed into a hydrogen furnace for the reduction of nickel ions to Ni(0). The application of 400°C for 3 h under a 5% H 2 /Ar atmosphere gave a 10 wt% Ni@WC powder (ESI-S7B †). ICP measurements approved the relative Ni content as 8.3 wt%, which is in agreement with the measurement failure. Also after the reaction, this wt % did not decrease (ESI-T2 †). 1.5 g of this catalyst was placed into a 70 mm cartridge with a diameter of 3.0 mm and therefore a volume of 0.424 mL. The crystalline size of the tungsten carbide was calculated to be 21.3 nm and the one of nickel to be 27 nm, according to XRD and the Scherrer equation. The particle size of the nickel was proven to be about 35 nm using the SEM (Fig. 4) . The nitrogen sorption of the Ni@WC material was measured and gave a specific surface area of 9 m 2 g −1 .
Substrate preparation
In compliance with the rules of green chemistry, ethanol was chosen as a solvent (200 ml) for fructose (1.8 g, 0.05 M). Alcohol as a solvent brings the advantage of a more simplified analysis in the GC-MS system as well as a more simple separation of the products by evaporation. To facilitate the solubility of sugars in alcohol at room temperature, formic acid (0.5 M) was added in ten times molar excess due to limited hydrogen bond formation. The solution was stirred until all the sugar crystals were dissolved. Formic acid also occurs as a sideproduct during the formation of levulinic acid and is therefore anyway present in the reaction and the circulating solvent.
Since the sulfonic acid groups of Amberlyst 15 have very strong acidic properties, formic acid is believed to just play a minor role as a homogeneous catalyst, 24 but certainly helps for a potential glucose-fructose equilibration. 
Conclusions
In conclusion, it was shown that under the given mild conditions, a combination of commercial Amberlyst 15 (110°C, 30 bar, 0.25 mL min −1 ) and synthesized Ni@WC (150°C, 30 bar, 0.25 mL min −1 , hydrogen) in a simple cascade flow reactor provided a good conversion of fructose with about 85% yields of DMF (38%) and ethyl levulinate (47%) with a total reaction time of 20 min. This simple set-up enables the continuous synthesis of DMF as well as ethyl levulinate, two platform chemicals which are easy to separate by distillation. The stability of the catalysts was tested under continuous run conditions and did not show a significant decrease of the product concentration within 7 h. The currently used polymeric solid acid catalyst for dehydration is however considered to be the weak point to work on, as it showed indications for the formation of humins, pointing to a potential clogging at extended timescales. In general, we presented a highly worthwhile process, using non-noble metal catalysis in a wet flow chemistry set-up in the minute scale. All chemicals used are non-toxic and the whole process can be considered as green.
Further work is currently expanded in three directions. On the one hand using saccharide/glucose is meaningful, and the isomerization of glucose to fructose could be integrated into the flow set-up. Expansion to lignocellulosic biomass or similar waste streams can be considered, but wood sugar is preferentially made in an upstream step. It, however, can be used without purification, as 2-methylfuran, the product of xylose, is again easily separable at the end. The development of alternative catalyst supports that avoid the tendency of humin deposition or the use of tungsten is another task for catalyst optimization. Furthermore, DMF cannot only be used as a fuel, but also upgraded further, e.g. in a Diels-Alder reaction to produce non-oxygen containing hydrocarbons as p-xylene. Also, this step could be easily integrated into a cascade flow process in the future.
